types comprising these alleles. This identified 467 damaging RGs in CHD cases (Supplementary Data Set 3) and 165 in controls (Supplementary Data Set 4) .
We used a one-tailed binomial test to determine whether damaging RGs were enriched among 96 genes implicated in recessive human CHD ( Table 1) . This gene set had 29 damaging RGs, versus 6.7 expected (enrichment = 4.4, P = 8.0 × 10 −11 ; Table 1 , Supplementary  Fig. 5b and Supplementary Table 5 ). This set showed 0 RGs in controls ( Table 1) . When we added 41 recessive mouse genes, there were 34 damaging RGs compared to 11.1 expected (enrichment = 3.1, P = 1.4 × 10 −8 ; Table 1 ). The inclusion of 116 dominant CHD genes added 17 damaging RGs in 9 genes (cumulative total = 51 observed versus 25.2 expected, enrichment = 2.0, P = 1.8 × 10 −6 ; Table 1 ). We obtained similar results when we independently modeled homozygous and compound heterozygous genotypes (Online Methods, Supplementary Table 6 and Supplementary Figs. 7 and 8) , and these were further corroborated using a burden test-based approach 15, 16 that also integrates proband phenotype 17 (Online Methods and Supplementary Fig. 9 ). These findings implicate RGs in known CHD genes in 0.9% of these CHD cases.
For previously identified recessive genes, the observed and previously reported cardiac phenotypes were concordant in 22 of 31 cases, suggesting variable expressivity of RGs. For previously identified dominant genes, observed cardiac phenotypes matched those previously reported in only 3 of 17 probands. Of these, phenotypes seen with RGs were more severe than previously described dominant phenotypes (COL1A1, COL5A2, FBN2, MYH6, NSD1 and TSC2), or at the severe end of the described spectrum (CHD7 and NOTCH1; Supplementary Table 5 ).
We examined the contribution of consanguinity to RGs. 161 probands (5.6%) had homozygous segments implying parental The expected number of recessive genotypes was determined on the basis of fitted values from the polynomial regression model using the damaging de novo probabilities. relationships of third cousins or closer (Supplementary Note). This group included 81 of 84 probands with reported consanguinity. Thirteen (8.1%) of these probands had damaging RGs in recessive H-CHD genes (2.4 expected, 5.4-fold enrichment, P = 1.3 × 10 −6 ; Supplementary Table 7 ); all but one genotype was homozygous. Among the remaining 2,710 probands, RGs were also enriched (3.9-fold, 16 observed versus 4.1 expected, P = 5.3 × 10 −6 ); however, RGs comprised only 0.6% of this group (Supplementary Table 7) . Among the seven homozygotes in this group, five probands had inbreeding coefficients between 0.0015 and 0.0035, implying distant parental relatedness, whereas two homozygotes and all nine compound heterozygotes had inbreeding coefficients of 0. Thus, cryptic or overt parental consanguinity was a strong driver of recessive CHD in this cohort. Importantly, 38% of RGs in recessive CHD genes were attributable to a single GDF1 founder mutation (see below). Significant enrichment for RGs in known CHD genes persists after removal of GDF1 homozygotes ( Supplementary Table 8 ).
We observed 44 genes with >1 damaging RG compared to 26.4 expected (enrichment = 1.7; P = 8.9 × 10 −5 by permutation; see Online Methods); synonymous RGs were not significantly enriched (167 observed, 156.7 expected; P = 0.15 by permutation). This excess persisted after removal of five known recessive genes (GDF1, ATIC, DNAH5, DAW1, LRP1; enrichment = 1.6; P = 10 −3 by permutation). Gene Ontology (GO) analysis of the novel gene set revealed enrichment of genes involved in muscle cell development (GO:0055001, enrichment = 30.0, FDR = 3.2 × 10 −3 ), including KEL, MYH6, MYH11, NOTCH1 and RYR1 (Supplementary Data Sets 3 and 5).
Founder mutation in GDF1 in Ashkenazim
Quantile-quantile (Q-Q) plots comparing the observed and expected damaging RGs in each gene using the binomial test showed that two genes, GDF1 and MYH6, had more RGs than expected (genome-wide threshold, P < 2.6 × 10 −6 ; Fig. 1a and Supplementary Table 9 ); modeling homozygotes and compound heterozygotes separately yielded similar results ( Supplementary Table 10 ). No genes approached genome-wide significance in controls ( Fig. 1b) .
GDF1 had 11 damaging RGs in apparently unrelated subjects, compared with 0.016 expected (enrichment = 692.6, one-tailed binomial P = 3.6 × 10 −28 ; Supplementary Table 9 ); all were confirmed by Sanger sequencing (Supplementary Fig. 10 ). Ten RGs were homozygous for a c.1091T>C variant (encoding p.Met364Thr), suggesting a founder mutation; the other encodes p.Met364del (c.1090_1092delATG)/p. Cys227* (c.681C>A). Consistent with a founder mutation, PCA showed that all c.1091T>C homozygotes clustered with Ashkenazim ( Supplementary Fig. 11 ).
Additional evidence supports homozygosity for c.1091T>C in CHD risk among Ashkenazim. c.1091T>C shows remarkable violation of Hardy Weinberg equilibrium among Ashkenazi CHD cases, with 10 homozygotes and only 1 heterozygote among 204 Ashkenazi cases defined by PCA (P = 5.5 × 10 −38 , 1-df χ 2 test with Yate's correction; Supplementary Table 11a ). In contrast, among 302 Ashkenazi autism parental controls and 926 additional Ashkenazi adults from an independent cohort without CHD, there were no homozygotes and 12 heterozygotes (carrier frequency = 1.0%), providing strong association of c.1091T>C homozygosity with CHD among Ashkenazim (two-sided Fisher's exact P = 2.8 × 10 −9 , Supplementary Table 11b ). Moreover, this allele was absent among African, Asian and Finnish European populations in ExAC.
Lastly, all homozygotes shared c.1091T>C on a common haplotype background, indicating identity by descent ( Fig. 2a) . The length of the shared haplotype varied widely (0.4-5.9 Mb; Fig. 2a ), indicating remote shared ancestry. The inferred coalescent time for the last shared ancestor, using DMLE+2.3 software 18 , is 50 generations (95% CI: 45 to 63 generations; Supplementary Fig. 12 ).
Consistent with this RG causing CHD and not merely being in linkage disequilibrium with the causal variant, the phenotype of c.1091T>C homozygotes is shared by previously described cases with different recessive GDF1 mutations 19 A r t i c l e s ( Fig. 2b) . GDF1 belongs to the transforming growth factor-β (TGFβ) superfamily. Studies in mouse implicated GDF1 in establishment of left-right asymmetry and neural development [20] [21] [22] . GDF1 functions as a homodimer with twofold inverted symmetry ( Fig. 2c and Supplementary Fig. 13 ). The interaction surface between monomers comprises a hydrophobic α-helix in one monomer and a hydrophobic cavity in the other; this interaction occurs reciprocally. Met 364 lies in the hydrophobic cavity ( Fig. 2d,e ). p.Met364Thr substitutes the polar threonine in the hydrophobic cavity; we infer that this variant impairs dimer formation and downstream signaling ( Fig. 2c) , consistent with recessive transmission. Homozygosity for GDF1 c.1091T>C accounts for ~5% of severe CHD among Ashkenazim, including 18% of those with TGA (7 of 38), and 31% with TGA plus PS/PA (5 of 16) . This finding has clinical implications for assessing risk of CHD among Ashkenazim.
Recessive MYH6 genotypes in Shone complex
MYH6 encodes the cardiac α−myosin heavy chain, which is highly expressed in embryonic heart. Dominant MYH6 mutations are implicated in atrial septal defect 23 and cardiomyopathy 24, 25 . We identified seven rare damaging RGs in MYH6 (versus 0.482 expected; enrichment = 14.5, P = 7.6 × 10 −7 ; Supplementary Table 9 ). These included diverse LoF alleles and D-Mis variants, all validated by Sanger sequencing ( Table 2 , Supplementary Table 9 and Supplementary  Fig. 14) . Five probands had left ventricular obstruction, including four with Shone complex 26 , having mitral valve and aortic valve obstruction plus aortic arch obstruction ( Table 2) . Echocardiography showed abnormal ventricular function in 4 of 7 probands, consistent with a previous report of two patients with RGs in MYH6 who had decreased ventricular function 27 . RGs in MYH6 accounted for 11% of the 37 sequenced patients with Shone complex (enrichment = 57.45, two-sided Fisher's exact P = 6.7 × 10 −5 ).
RGs enriched in patients with laterality defects
Among the major CHD subgroups (laterality defects, left ventricular obstruction, conotruncal defects and others; Supplementary Table 3a) , only laterality defects (heterotaxy and D-TGA) were significantly enriched for damaging RGs in known CHD genes (21 damaging RGs in 13 genes, versus 4.8 expected; enrichment = 4.4, P = 8.5 × 10 −9 ; Supplementary Table 12 ). Significant enrichment persisted after removing GDF1 RGs (enrichment = 3.2, P = 1.2 × 10 −4 ). These RGs occurred in eight genes previously implicated in laterality defects (ARMC4, BBS10, DAW1, DNAAF1, DNAH5, DYNC2H1, GDF1 and PKD1L1) and five not previously implicated (ATIC, COL1A1, COL5A2, DGCR2 and MYH6).
We also performed GO analysis of all 82 genes with LoF RGs. This identified significant terms related to cilia structure and regulation, a predominant mechanism in laterality determination (Supplementary Data Set 6). Genes in these GO terms included DNAI2, ARMC4, DNAH5 and DNAAF1 (proband phenotypes in Supplementary Data Set 3). Although all these genes have been associated with human primary ciliary dyskinesia and situs inversus totalis, only DNAH5 has been previously associated with human CHD 28 .
Heterozygous LoF mutations in FLT4 in Tetralogy of Fallot
We compared the observed and expected frequency of rare (MAF ≤ 10 −5 ) heterozygous LoF variants in 115 known dominant CHD-associated genes in cases and controls using the binomial test and found no significant enrichment in either group (Supplementary Data Sets 7 and 8 and Supplementary Table 13 ). Analysis of heterozygous LoF variants in all 212 known human CHD-associated genes also showed no enrichment.
To search for novel haploinsufficient CHD-associated genes, we compared the observed and expected distribution of rare heterozygous LoF variants (LOFs) in each gene (Online Methods). Q-Q plots ( Supplementary Fig. 15 ) showed that FLT4, with eight different inherited LoFs, significantly departed from expectation (enrichment = 15.5, P = 7.6 × 10 −8 , Supplementary Table 14 ). Moreover, there were two de novo FLT4 LoF mutations, yielding a combined P value of 9.8 × 10 −10 (Fisher's method, Fig. 3 ). LoF variants were distributed throughout the encoded protein; all were confirmed by Sanger sequencing (Supplementary Fig. 16 ).
FLT4 was highly intolerant to LoF variation in ExAC (pLI = 1), and only one LoF allele was identified among 3,578 parental controls. Pedigrees of FLT4 probands identified four family members with CHD; all shared the proband's FLT4 mutation ( Fig. 3a) . However, only 4 of 10 FLT4 mutation carriers reported CHD, indicating incomplete penetrance.
Strongly supporting a pathogenic role for the FLT4 LoFs, the phenotype of 9 of 10 probands and 3 of 4 affected relatives was Tetralogy of Fallot (TOF) (Fig. 3a) ; mutation carriers had no extracardiac malformations, growth abnormalities or NDDS. Among 426 probands with TOF in our cohort, 2.3% had FLT4 LoF mutations (95.2-fold enrichment, P = 1.9 × 10 −12 ; Supplementary Table 15 ). FLT4 encodes a VEGF receptor expressed in lymphatics and the vasculature. Notably, diverse missense alterations that cluster in the kinase domain and impair enzymatic activity cause hereditary lymphedema 29 (Fig. 3b) .
De novo damaging mutations enriched in isolated CHD cases
The number of observed DNMs in cases and controls closely fit the Poisson distribution ( Supplementary Fig. 17 and Supplementary Data Sets 9 and 10). Damaging DNMs were enriched in cases (1.4-fold, P = 2.4 × 10 −17 , Supplementary Table 16 ) but not controls. We inferred that damaging DNMs contribute to ~8.3% of cases. Additionally, we found 89 damaging DNMs in 46 chromatin modifiers accounting for 2.3% of cases (enrichment = 3.1, P = 8.7 × 10 −20 ; Fig. 4a and Supplementary Tables 17 and 18) , including 17 chromatin modifier genes not previously implicated in CHD.
There were 66 genes with two or more damaging DNMs compared to 21 previously 8,9 ( Fig. 4b and Supplementary Tables 19 and 20) . Notably, 108 damaging DNMs affecting 39 of 104 known dominant H-CHD genes accounted for 3.7% of cases (enrichment = 9.3, P = 5.5 × 10 −65 ; Supplementary Table 21 ). An orthogonal analytical approach yielded similar results (Supplementary Note and Supplementary Fig. 18 ).
Unlike prior studies 8, 9, 13 , we found that damaging DNMs were enriched in isolated CHD cases (CHD without extracardiac congenital anomaly (EA), clinically diagnosed syndrome or neurodevelopmental abnormality, and limited to patients over age 1 at enrollment); these mutations contributed to ~3.1% of cases (1.5-fold enrichment, P = 8.5 × 10 −4 ; Supplementary Table 22a ). Damaging DNMs in known CHD genes accounted for ~50% (13/26) of the excess mutation burden in isolated CHD. DNMs contributed to 6-8% of probands with any extracardiac features (EA alone or NDD alone), and to 28% of cases with both EA and NDD (Supplementary Tables 22a-d and 23 ).
DNMs are enriched in autism-associated genes
We previously showed unexpected overlap of genes harboring damaging DNMs in CHD and neurodevelopmental disorders 8, 9 . We compared the genes harboring damaging DNMs in our CHD cohort and in 4,778 probands with autism 30, 31 , focusing on genes in the upper quartile of brain and heart expression. Nineteen such genes had de novo LoF mutations in both cohorts (enrichment 5.2, P < 10 −6 ), and 48 had damaging mutations in both (enrichment 2.8, P < 10 −6 ; Supplementary Table 24 Supplementary Table 25 ). Notably, 14/35 of all genes with LoF DNMs in both the CHD and autism cohorts are chromatin modifiers (enrichment = 14.7, P < 10 −6 by permutation; Supplementary Table 25 ). Most strikingly, 87% of patients who had LoF DNMs in chromatin modifiers had NDDs at enrollment.
Meta-analysis of heterozygous damaging DNMs and LoFs
We tested each gene for an excess of de novo and rare inherited heterozygous variants. Seven genes (CHD7, KMT2D, PTPN11, RBFOX2, FLT4, SMAD6 and NOTCH1) surpassed genome-wide significance ( Table 3 ) compared to four previously 9, 13 . Among the remaining top 25 genes, KDM5B had strong prior statistical support; ELN, NSD1, NODAL, RPL5 and SOS1 have previously been found associated with syndromic CHD; and GATA6, FRYL and TBX18 were identified in case reports with a phenotype that included CHD. Our findings strengthen the evidence supporting a role for these genes.
SMAD6, encoding an inhibitor of BMP signaling, had eight inherited and one de novo LoF mutation (meta P = 1.3 × 10 −6 ; Table 3 ). Phenotypes included TOF, hypoplastic left heart syndrome, coarctation and D-TGA. Only two probands had extracardiac abnormalities. No LoFs were found among 7,156 parental control alleles, and LoFs were markedly enriched among European probands compared to non-Finnish European controls in ExAC (OR = 20.5, two-sided Fisher's P = 2.7 × 10 −6 ). SMAD6 missense variants, but not LoFs, have been identified in three sporadic cases with bicuspid aortic valve and mitral valve disease 32 . Among parents transmitting SMAD6 LOFs, only one had a CHD diagnosis, bicuspid aortic valve. Notably, SMAD6 LoFs showing incomplete penetrance have also been implicated in midline craniosynostosis, with a common variant near BMP2 modifying penetrance 33 . Our findings suggest that SMAD6 LoFs produce variable phenotypes, dependent on additional genetic or environmental factors.
DISCUSSION
This study represents the largest genetic investigation of a single CHD cohort to date, and the first comprehensive analysis of recessive and dominant inherited variants in CHD. Our search for disease-associated transmitted variants and pathways was enhanced by comparing observed and expected numbers of recessive or dominant genotypes independent of control subjects, accommodating for variation in inbreeding and ethnic background. While extension of the expected frequency of DNMs to standing variation is confounded by the impact of selection and drift on allele frequencies over subsequent generations, our analysis demonstrates that this approach is robust for estimating the expected frequency of rare inherited variants, which are likely to be recently introduced into the population. We anticipate this approach will be broadly relevant.
Rare inherited genotypes in known CHD genes and genome-wide significant new CHD candidate genes accounted for 1.8% of CHD in this cohort. The excess of genes with RGs suggests that more genes await discovery. A recessive founder mutation in GDF1 accounted for a large fraction of severe CHD among Ashkenazim. Genotyping this specific variant, which has a MAF of ~0.5% in Ashkenazim, can immediately be used for diagnosis and population-based risk assessment.
Enrichment of damaging RGs was particularly marked in probands with laterality defects. This is consistent with epidemiology showing that laterality defects have the highest recurrence risk of any CHD 10 , are more prevalent in populations with high consanguinity 34 , and conversely show no enrichment for damaging DNMs 8,9 . We also found new phenotypes arising from recessive mutations in genes previously implicated in CHD caused by monoallelic mutations, including RGs in MYH6 in Shone complex, a disease of previously unknown cause. The finding of abnormal ventricular function in several of these patients, as well as in other patients with monoallelic MYH6 mutation, suggests that patients with Shone complex and biallelic MYH6 mutations may be at particular risk for ventricular dysfunction, potentially allowing early identification and intervention. Other genes without previously described recessive phenotypes included CHD7, COL1A1, COL5A2, FBN2, NOTCH1, NSD1 and TSC2, as well as genes previously implicated only in mouse CHD (DGCR2, DAW1, LRP1 and MYH10).
Ten probands had rare LoFs in FLT4 and predominantly had TOF. None had NDDs and only 1 had EA; in contrast, NDD or EA was present in 25% of all TOF probands in this study. FLT4 LoFs resulted in phenotypes distinct from heterozygous missense mutations in the kinase domain that cause defective lymphatic development 35 . Further studies of the expression and role of FLT4 in the developing heart will be of interest.
Doubling the size of our sequenced cohort more than doubled the number of identified CHD risk genes. The current data set includes 66 genes with two or more damaging DNMs, compared to 21 previously, and 19 with two or more LoF DNMs, compared to 5 previously 9 . Highly enriched gene sets, in which 72-85% of genes are expected to confer risk, include 12 genes (AKAP12, ANK3, CLUH, CTNNB1, KDM5A, KMT2C, MINK1, MYRF, PRRC2B, RYR3, U2SURP and WHSC1) not previously implicated in CHD 9 and have increased the strength supporting a role for 6 additional genes which as yet do not reach thresholds for significance (CAD, FRYL, GANAB, KDM5B, NAA15 and POGZ). DNMs are highly enriched in cases with neurodevelopmental abnormalities or extra-cardiac structural manifestations, or both. Importantly, we report for the first time a significant contribution of DNMs to 3.1% of isolated CHD. From the distribution of genes with multiple damaging DNMs, the estimated number of genes in which DNMs contribute to CHD in this cohort is 443 (95% CI = (154.1, 731.9)) ( Supplementary Fig. 19 and Supplementary Note). Pathway analysis identifies DNMs, predominantly LoFs, in chromatin modifiers as a major contributor to CHD, accounting for 2.3% of probands ( Fig. 4) . Eleven chromatin modifiers have two or more damaging DNMs, and we estimate that mutations in at least ~38 (95% CI = (7, 69)) chromatin modifier genes contribute to CHD using a maximum likelihood approach (Supplementary Fig. 20) . The implication of LoF DNMs in writers, erasers and readers of many different specific chromatin marks in CHD underscores the dosage sensitivity of these genes, which is supported by their general intolerance to LoF mutation. Together, these findings suggest that heart development depends on precise control of transcription mediated by changes in chromatin state in response to developmental signals [36] [37] [38] .
After removing chromatin modifiers from GO term enrichment analysis (for GO enrichment analysis with chromatin modifiers, see Supplementary Data Set 11), several terms involved in developmental processes show enrichment (Supplementary Data Set 12) . Extension of pathway analysis to genes with damaging RGs demonstrated enrichment of genes involved in cilia formation and function. These genes have long been known to have a critical role in establishment of the left-right body axis, and cilia gene mutations frequently contribute to heterotaxy. Understanding the mechanisms underlying the effects of these mutations will be of great interest in determining mechanisms of normal and abnormal human development.
It is important to link the genetic causes of CHD to patient outcomes. There is striking overlap of genes mutated in CHD and autism. In particular, patients in our cohort with LoF mutations in chromatin modifiers are at very high risk of NDDs (87%). Conversely, virtually all patients with LoF mutations in chromatin modifiers who have been ascertained for autism studies in the Simons Collection do not have CHD 31 , indicating variable expressivity of CHD. We have noted previously that patients with DNMs in chromatin modifiers have high risk of NDDs 9 , suggesting that mutations in these genes may identify CHD patients at high risk of autism and intellectual disability who may benefit from early neurodevelopmental intervention 39 .
By combining inherited and de novo variant analysis, we identified a genetic contribution to 10.1% of CHD. Despite these advances, the pathogenesis of a large fraction of CHD cases remains unknown. Potential explanations include contributions from more common variants, structural variants that have eluded detection by WES, variants in noncoding regions, polygenic inheritance, epistasis and gene-environment interactions 6, 33, 40, 41 .
A recent study estimated that WES of 10,000 trios will yield 80% saturation for identifying genes contributing to syndromic CHD cases 13 . Our Monte Carlo simulations suggest that two or more A r t i c l e s damaging DNMs have now been identified in ~10.5% of risk loci, and that sequencing 10,000 trios will yield 170.1 risk genes, predicting 38% saturation of all CHD risk genes, comprising both syndromic and nonsyndromic CHD acting via DNMs (Supplementary Fig. 21) . It is clear that loci suggested from human studies can be further substantiated at low cost by orthogonal approaches engineering mutations into model organisms and cells 42 . This study indicates that continued sequencing of large, well-phenotyped cohorts will provide an increasingly complete picture of the genetic underpinnings of CHD, allowing new insight into mechanisms governing human development, improved prediction of clinical outcome, and the opportunity to mitigate these risks. All subjects or their parents provided informed consent. Subjects were selected for structural CHD (excluding PDA associated with prematurity, and pulmonic stenosis associated with twin-twin transfusion). Individuals with either an identified chromosomal aneuploidy or a CNV that is known to be associated with CHD were not included. For all subjects, cardiac diagnoses were obtained from review of all imaging and operative reports and entered as Fyler codes based on the International Paediatric and Congenital Cardiac Codes. All patients were evaluated at study entry using a standardized protocol consisting of an interview that includes maternal, paternal and birth history and whether the patient has been examined by a geneticist. A comprehensive review of the proband's medical record was performed that included height and weight data, along with presence or absence of a broad range of reported extracardiac malformations, the availability and results of genetic testing and the presence or absence of a clinical genetic diagnosis. For probands under age 1, specialty (other than cardiology) services obtained in the course of clinical care were documented. For probands over age 1, parents were asked if their child was diagnosed with developmental delay and whether educational supports were obtained. Each patient has a three-generation pedigree. For the current study, assessment of neurodevelopmental outcome was based on parental report when the subject was at least 12 months old and classified as having NDD if they confirmed the presence of at least one of the following conditions: developmental delay, learning disability, mental retardation or autism. A total of 1,027 cases could not be evaluated for neurodevelopmental outcome because the age at interview was <1 year. Pediatric Heart Network (PHN). CHD subjects were chosen from the DNA biorepository of the Single Ventricle Reconstruction trial 43 . Subjects underwent in-person neurodevelopment evaluation at 14 months old with the Psychomotor Developmental Index (PDI) and Mental Development Index (MDI) of the Bayley Scales of Infant Development-II 44 . Subjects were further assessed with the Ages and Stages Questionnaire (ASQ) from which the scores at 3 year of age were analyzed. Subjects were classified as having NDD if PDI or MDI score <70 or a risk score in at least one of the five domains of the ASQ at 3 years of age. DNA from blood or sputum was collected from trios follow-up visits at or after 3 years.
ONLINE METHODS

Patient subjects. Pediatric Cardiac Genomics Consortium (PCGC
Controls. Controls included 1,789 previously analyzed families that include one offspring with autism, one unaffected sibling, and unaffected parents 14 . The permission to access to the genomic data in the Simons Simplex Collection (SSC) on the National Institute of Mental Health Data Repository was obtained. Written informed consent for all participants was provided by the Simons Foundation Autism Research Initiative 45 . Only the unaffected sibling and parents were analyzed in this study. Controls were designated as unaffected by the SSC 14 .
Cardiac phenotyping. Cardiac phenotypes were divided into five major categories ( Supplementary Table 3a ) on the basis of the major cardiac lesion: conotruncal defects (CTD, n = 872), d-transposition of the great arteries (D-TGA, n = 251), heterotaxy (HTX, n = 272), left ventricular outflow tract obstruction (LVO, n = 797), or other (n = 679). CTD phenotypes include Tetralogy of Fallot (TOF), double-outlet right ventricle (DORV), truncus arteriosus, membranous ventricular septal defects (VSD), and aortic arch abnormalities. LVO phenotypes include hypoplastic left heart syndrome (HLHS), coarctation of the aorta (CoA), and aortic stenosis/bicuspid aortic valve (AS/BAV). HTX syndromes include situs abnormalities such as dextrocardia, left or right isomerism (LAI, RAI) as the major malformation, and may include other defects such as l-transposition of the great arteries (L-TGA), atrioventricular canal defects (AVC), anomalous pulmonary venous drainage (TAPVR, PAPVR), and double outlet right ventricle. Isomerism of other organs was not considered a separate extra-cardiac malformation for this study. Lesions in the 'other' category include pulmonary valve abnormalities, anomalous pulmonary venous drainage, atrial septal defects (ASD), atrioventricular canal defects, double inlet left ventricle (DILV), and tricuspid valve atresia (TA). Any structural anomaly that was not acquired was called an extracardiac malformation.
Exome sequencing. Samples were sequenced at the Yale Center for Genome Analysis following the same protocol. Genomic DNA from venous blood or saliva was captured using the Nimblegen v.2 exome capture reagent (Roche) or Nimblegen SeqxCap EZ MedExome Target Enrichment Kit (Roche) followed by Illumina DNA sequencing as previously described 8 . WES data were processed using two independent analysis pipelines at Yale University School of Medicine and Harvard Medical School (HMS). At each site, sequence reads were independently mapped to the reference genome (hg19) with BWA-MEM (Yale) and Novoalign (HMS) and further processed using the GATK Best Practices workflows [46] [47] [48] , which include duplication marking, indel realignment, and base quality recalibration, as previously described 9 . Single nucleotide variants and small indels were called with GATK HaplotypeCaller and annotated using ANNOVAR 49 , dbSNP (v138), 1000 Genomes (August 2015), NHLBI Exome Variant Server (EVS), and ExAC (v3) 50 . The MetaSVM algorithm, annotated using dbNSFP (version 2.9) 51 , was used to predict deleteriousness of missense variants (annotated as D-Mis) using software defaults 52 . Variant calls were reconciled between Yale and HMS before downstream statistical analyses.
Kinship analysis.
Relationship between proband and parents was estimated using the pairwise identity-by-descent (IBD) calculation in PLINK 53 . The IBD sharing between the proband and parents in all trios is between 45% and 55%.
Principal component analysis.
To determine the ethnicity of each sample, we used the EIGENSTRAT 54 software to analyze tag SNPs in cases, controls, and HapMap subjects as described 55 . Because all subjects who carried the c.1091T>C RGs in GDF1 were self-reported Ashkenazi Jewish (AJ), we used an additional software package, LASER 56 , which can accurately infer worldwide continental ancestry from sequencing data. To validate their reported AJ ancestry and to determine the number of AJ in cases and controls, we first downloaded genome-wide SNP array data for 471 AJ Individuals from the Gene Expression Omnibus database 57 (accession GSE23636) and then merged this data with 938 unrelated individuals from the Human Genome Diversity Project provided with LASER. We then clustered our cases and controls with these 1,409 samples whose ancestral information was known and determined which individuals in our cohort best cluster with known AJ using LASER.
Variant filtering. We filtered RGs for rare (MAF ≤ 10 −3 across all samples in 1000 Genomes, EVS, and ExAC) homozygous and compound heterozygous variants that exhibited high quality sequence reads (pass GATK Variant Score Quality Recalibration (VSQR), have a minimum 8 total reads for both proband and parents, and have a genotype quality (GQ) ≥ 20). Only LoF variants (nonsense, canonical splice-site, frameshift indels, and start loss), D-Mis, and non-frameshift indels were considered potentially damaging to the disease. For probands whose parents' WES data were not available, only homozygous variants were analyzed. Synonymous variants were also filtered using the same criteria and analyzed separately to determine whether there is an inflation of background rate.
DNMs were called by Yale using the TrioDenovo 58 program and by HMS as previously described 9 , and filtered using the same criteria, which have been shown to yield a specificity of 96.3% as described previously 9 . These hard filters include: (i) an in-cohort MAF ≤ 4 × 10 −4 ; (ii) a minimum 10 total reads, 5 alternate allele reads, and a minimum 20% alternate allele ratio in the proband if alternate allele reads ≥10 or, if alternate allele reads is <10, a minimum 28% alternate ratio; (iii) a minimum depth of 10 reference reads and alternate allele ratio <3.5% in parents; and (iv) exonic or canonical splice-site variants.
For the LoF heterozygous variants, we filtered for rarity (MAF ≤ 10 −5 across all samples in 1000 Genomes, EVS, and ExAC) and high-quality heterozygotes (pass GATK VQSR, minimum 8 total reads, GQ score ≥20, mapping quality (MQ) score ≥ 59, and minimum 20% alternate allele ratio in the proband if alternate allele reads ≥10 or, if alternate allele reads is <10, a minimum 28% alternate ratio). Additionally, variants located in segmental duplication regions (as annotated by ANNOVAR) 49 , RGs, and DNMs were excluded. Of particular note, all LoF heterozygous variants that met aforementioned criteria in 226 singletons were also included in the LoF heterozygous burden analysis even though an unknown proportion of these filtered variants could be de novo or compound heterozygous events. Finally, in silico visualization was performed on: (i) calls in the H-CHD set, (ii) calls in the LoF-intolerant gene set (pLI ≥ 0.9), (iii) variants that appear at least twice, and (iv) variants in the top 50 significant genes from our burden analysis.
Estimation of the expected number of recessive and dominant variants. We implemented a polynomial regression model coupled with a one-tailed binomial test to quantify the enrichment of damaging RGs in a specific gene or gene set in cases, independent of controls. Details about the modeling of the distribution of recessive and dominant variant counts are in the Supplementary Note. The expectation of the RG count for each gene was calculated using the fitted values from the polynomial model by the formula below:
where 'i' denotes the 'ith' gene and 'N' denotes the total number of RGs. For a given gene set, the expected RG count was based on the sum of fitted values for the gene set.
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Alternatively, RG can also be modeled separately as compound heterozygotes or homozygotes without the need for regression fits. In this method, the expected number of compound heterozygotes for each gene is derived from distributing the observed number of RGs, N, across all genes according to the ratio of the squared de novo probabilities:
The expected number of homozygotes is derived similarly, but using the linear ratio of de novo probabilities: 
∑
The total number of expected RG for each gene is the sum of the derived expected compound heterozygous and homozygous values. For rare LoF heterozygous variants, we found that the number of LoF heterozygous variants in a gene was inversely correlated with the pLI score obtained from the ExAC database. To control for the potential confounding effect due to the pLI score, we stratified genes into five subsets by pLI quantiles: (i) those with a pLI score between 0 and the first quantile (pLI = 3.1 × 10 −5 ); (ii) those with a pLI score between the first quantile and the second quantile (pLI = 2.9 × 10 −2 ); (iii) those with a pLI score between the second quantile and the third quantile (pLI = 0.71); (iv) those with a pLI score between third quantile and 1; (v) those without a pLI score. For each set, the expected number of LoF heterozygous variants for a gene was estimated by the following formula: where 'j' denotes the 'jth' gene, 'k' denotes the 'kth' set, and 'L' denotes the total number of LoF heterozygous variants. The expected number of heterozygous variants closely match the observed number of heterozygous variants in each gene in cases and controls (Supplementary Fig. 2) .
Statistical analysis. Gene-set enrichment analysis.
To test for over-representation of a gene set without controls and correction for consanguinity, a onetailed binomial test was conducted by comparing the observed number of variants to the expected count estimated using the method detailed above.
Assuming that our exome capture reagent captures N genes and the testing gene set contains M genes, then the P value of finding k variants in this gene set out of a total of x variants in the entire exome is given by Gene-based binomial test. A one-tailed binomial test was used to compare the observed number of damaging variants within each gene to the expected number estimated using the approach detailed above. Enrichment was calculated as the number of observed damaging genotypes or variants divided by the expected number of damaging genotypes or variants.
De novo enrichment analysis. The R package 'denovolyzeR' was used for the analysis of DNMs based on a mutation model developed previously 59, 60 . The probability of observing a DNM in each gene was derived as described previously 9 , except that the coverage adjustment factor was based on the full set of 2,645 case trios or 1,789 control trios (separate probability tables for each cohort). The overall enrichment was calculated by comparing the observed number of DNMs across each functional class to expected under the null mutation model. The expected number of DNMs was calculated by taking the sum of each functional class specific probability multiplied by the number of probands in the study, multiplied by two (diploid genomes). The Poisson test was then used to test for enrichment of observed DNMs versus expected as implemented in denovolyzeR 59 . For gene set enrichment, the expected probability was calculated from the probabilities corresponding to the gene set only.
To estimate the number of genes with >1 DNM, 1 million permutations were performed to derive the empirical distribution of the number of genes with multiple DNMs. For each permutation, the number of DNMs observed in each functional class was randomly distributed across the genome adjusting for gene mutability. The empirical P value was calculated as the proportion of times that the number of recurrent genes from the permutation is greater than or equal to the observed number of recurrent genes.
To examine whether any individual gene contain more DNMs than expected, the expected number of DNMs for each functional class (LoF, D-Mis, and LoF+D-Mis) was calculated from the corresponding probability adjusting for cohort size. The Poisson test was then used to compare the observed DNMs for each gene versus expected. For each gene, we compared the statistical significance across LoF, D-Mis, and LoF+D-Mis and reported the most significance statistical values. The Bonferroni multiple testing threshold is, therefore, equal to 8.8 × 10 −7 (0.05/(3 × 18,989)).
Meta-analysis of damaging de novo and LoF heterozygous variants. The Fisher's method 61 with 4 degrees of freedom was performed to combine P values from damaging DNMs and LoF heterozygous variants. We calculated P values for damaging DNMs in each gene by comparing the observed number of damaging DNMs to the expected number in a respective gene under the null mutation model. We calculated P values for LoF heterozygous variants using the one-tailed binomial test to compare the observed number of LoF heterozygous variants to the expected number adjusted for LoF de novo probabilities.
Estimating the number of genes with more than one recessive genotype. One million permutations were performed to derive the empirical distribution of the number of genes with multiple damaging RGs. For each permutation, the number of observed damaging RGs (n = 467) was randomly distributed across the genome using the fitted values from the polynomial model for each gene. The empirical P value is calculated as the proportion of times that the number of recurrent genes from the permutation is greater than or equal to the observed number of recurrent genes (n = 44). Similarly, 1 million permutations were conducted on synonymous RGs as an ancillary analysis.
Calculating the expected number of genes with D-Mis/LoF DNMs shared by CHD and autism cohorts.
A permutation test was performed to assess the enrichment of overlapping genes with either damaging (D-Mis+LoF) or LoF DNMs shared between the CHD and autism cohorts. Given the observed numbers of genes with DNMs in the CHD and autism cohorts as N 1 and N 2 , respectively, and the observed number of overlapping genes as M, we sampled N 1 genes from all genes in the CHD cohort and N 2 genes from all genes in the autism cohorts without replacement using the probability of observing at least one DNM as weight. The number of overlapping genes, P, was determined in each iteration of the simulation. A total of 1,000,000 iterations were conducted to construct the empirical distribution. The empirical number of overlapping genes was calculated by taking the average of the number of overlapping genes across all iterations. The empirical P value was calculated as follows: Case-control comparison. For FLT4 and SMAD6, we compared the burden of LoF alleles in all European cases to all non-Finnish subjects in the ExAC database. Only LoF variants with a global (i.e., across all individuals) MAF <10 −5 were extracted from ExAC for comparison. The total number of alleles evaluated per gene was taken as the median of the allele numbers reported for all positions in a gene. A two-sided Fisher's exact test was used to compare the frequency of LoF variants in FLT4 and SMAD6.
Data availability. Whole-exome sequencing data have been deposited in the database of Genotypes and Phenotypes (dbGaP) under accession numbers phs000571.v1.p1, phs000571.v2.p1 and phs000571.v3.p2. A Life Sciences Reporting Summary is available for this paper. In-house pipelines are available from the corresponding authors on request.
